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Investigating the Higgs potential

The full expression of the Higgs potential is encoded with

parameters 1 and A as:
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These parameters are defining the vacuum expected value v
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\ Determined from the EW
precise measurements

> First estimation from the Higgs mass measurement:

H
» Direct access to A through Higgs pair creation: AL
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Nambu-Goldstone Higgs

Coleman-Weinberg Higgs

Tadpole-Induced Higgs

> Coupling strength denoted as
K, = Aunp/ Asm

> Combined with the v.e.v computation: | m; H ______ » Wide range of BSM models predicting
Agy ~ 0.13 o k: different shapes and thus values for «;
= - I > Some constraints from Single Higgs
- . \ / 107 production, small effect on cross-
> Quartic interaction even rarer : A : section — I,ooking for pair production
out of reach even for HL-LHGC L el '
» Contribution increases with /s B . 20 TS 0 > 102
H H Ky
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How are Higgs pairs produced?

»n 0.14
» gluon-gluon Fusion (ggF): Ggg —131.02 fb ‘i ook A ATLAS Simulation Prellmlnary
g f i (s =13 TeV
» Destructive interference between triangle < °% it - = E
and diagrams makes the cross-section 0.08| ! :zi; .
tiny (1000x smaller than single Higgs). oosl - R
> |Low masses essential to constrain trilinear 0.04: i -
coupling k; Oozj L
00 300 400 500 ©00 700 €00 > Mgy shape very dependent on the k O}_. e el
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§ » BSM resonances: ,
;' Possible increase in signal from new physics benchmarks:

Second order contribution to total production, but direct handle to vector
boson coupling modifiers «,,, and Ky

’ ’ § » Spin-0: predicted by Two-Higgs-Doublet-Models and i

£ Electroweak Singlet models ;o 3

H Rov H * _ . L
Y g { > Spin-2: predicted by Randall- N 7 |

i ’ H ; Sundrum (RS) model of warped X g
£ extra dimensions 0 2902002902000 Cu
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Where to look for Higgs pairs?

HH — bbbt~
@ - bb: High BR
» H — 7777: Low background

No clear Golden channel, but several promising signatures:

BR(HH — XXYY)

Resolved: & = 36fb~!  Phys. Rev. Lett. 121, 191801
Boosted: & = 139fb~!  JHEP 11 (2020) 163

bb WW gg TT cC /7 YY VA LU

HH — bbbb

» H — bb: High BR
» Large hadronic background

goF: & = 36fb~! JHEP 01 (2019) 030
VBF: ¥ = 126fb~! JHEP 07 (2020) 108

HH — bbyy %
» H — bb: High BR

» H — yy: Good mass resolution/sensitive to low nigy

D = results from ATLAS

¥ — 139fp~! ATLAS-CONF-2021-016

HH - W™W~-+ XX / HH — bbZZ

» Decent BRfrom H — VV
» Complex final signatures due to the decay of Vs

N\ Not shown
today

bbluly: & = 139b~! Phys. Lett. B 801 (2020) 135145
. . _ yyWW*: &£ = 36fb™1  Eur phys. J. ¢ 78 (2018) 1007
Combining the results is necessary for observation. bblugg: & = 36fb~!

WW*WW+: &L = 36fb~! yuEep 05 (2019) 124

JHEP 04 (2019) 092 (
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Resolved: . % = 36fb~! Phys. Rev. Lett. 121, 191801 Q
trategy Boosted: & = 139fb~! JHEP 11 (2020) 163 A@

Two strategies aiming at different regimes:

» Resolved: low momenta, single objects can be defined — non-resonant & resonant searches; HH — bl_%' T~
» Boosted: high momenta, objects are merged — resonant searches.

Resolved:
Exactly 2 b-jets

Boosted:

» > 1 extra large R jet;
> 2 variable radius b-tagged jets inside.

Resolved:
Based on the decay of taus:

> TiepThad- €Xactly 1 lepton + 1 hadronic 7;

: T tracks
> Th.dThad- €Xactly two hadronic 7s.

Boosted:
Novel

of di-7 In /
large R jets:

» < 3 sub-jets, sum of track charge £ 1 in
each sub-r.

iIso-track
do .-~

Primary Vertex 7-

Louis D'Eramo (NIU) - 14/04/2021 -Search for di-Higgs production at the ATLAS experiment



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163

- : = -1 : : : : 0
How to look for signal? & e beiens ™ Lo

H

Resolved:
Fit: based on a BDT distribution trained in 3 SRs:

> TiepThad: Single Lepton Trigger (STT), Lepton + Tau Trigger (LTT);

| i i Boosted:
> Tp.qThad: SiNgle/Di Tau Triggers. oosted

Non-resonant Resonant Fit: Single bin fit for different resonant masses.
- : ignals: Spin-0 an In-2.
Signal: SM ggF HH. Signals: Spin-0 and Sp
> 1 training/mass (260-1000 GeV) 2 E amas RN T . _
S  e- . (. =1.2.Te) 1 Selections based on:
(- 107 ==L B L L I T T 1 LA L N L O Y I LY L T E :' rrprrrprrrpred L L L L L r ] LlJ : S = 13 TeV’ 139 fb — X_>HH (mX_S.O TeV) : .
i = ATLAS ¢ Data = @ - ATLAS ¢ z;tz ot oo i - ~ Signal region . Zeosht 1 » Mass of Large R jet;
=~ - ] — NR HH at exp limit . 0 4L 1 — at exp imi — - — . . .
£ 10° 13TeV. 361 Top-quark E g 10 eTen oI Top-quark E > Vot 1 » visible di-Higgs
) = ¢ 1 SLT 2 b-tags it = Q ~ ThadThag 2 D-12GS jet — t__ fakes (Multi-jets) B J Z
= T “lep "had jet — 1, fakes . had s ZH .
L 105 - Z - 1t +(bb,bC,CC) — L 5 - Z— 1T +(bb,bC,CC_) ] 4 __ Othel’S _— maSS mVlS
= = ranrnngernnnnng ot — 1. . fak ] — ] .
- | gmeljiggs 5 10 . - = Jg:herrhad akes (tf) = - D Uneeteinty . HH
10° e Uncertainty E B SM Higgs i = 7
- I AP o.M Pre-fit background . 5 ; Uncertainty N _
103 e, — 10 m“"“““‘; ----- Pre-fit background IE - .
= e, g 3 AT T = - | ]
10 [ ".""i"'“.": _ Saaaaasaanaie - 2 ~
= - 10 ' — - ” -
108 5 4 sy _ -
] 1= _________________{ ' —— —— E—— iz
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8 1.2 | | | | | | | | | . 8 ¢ R .- VISIbIe HH mass [GeV]
% 1o ® o © o 8 o 0. .o \\-Q-\\\\\\\\‘\Q\\\\\*\\\\\&x\§+§§ D\Q; ] N \§§§§<ﬁ\\\\\§i\\\\\§i\\\\§\\\\\§§§{\§\‘§§§
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BDT score
dedicated Control Regions for:
tt, Z — ©t, multi-jets (evaluated from data-driven ABCD method)

BDT score dedicated Control Regions for:

/ — 77 + jets, multi-jets (evaluated from data-driven
ABCD method)
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Resolved: . = 36fb~! Phys. Rev. Lett. 121, 191801
Boosted: & = 139fb~! JHEP 11 (2020) 163

Results

Resolved:

Lo

HH — bbttt™

No significant excess found
Non-resonant

observed (expected) limit is

o88F 5 BR(HH — bbtt) _ L
HH 12.7 (14.8) times the SM prediction.

Boosted: No significant excess found

Limits set on 6(X — HH — bbtt) where X is a narrow-width
scalar resonance:

Resonant

§ L "MSSM Scalar (tanp = 2) ATLAS Limits set on ) » Two regimes based on the cut on m}}%,

T 13 TeV, 36.1 fb” i())((/GK?_)tgH_)bb”) = ——————————————

T 'S Tor 1o = E ATLAS -

7107 - hMSSM scalar = X = HH (bbrc) —e— Observed -

0 production. f - Vs=13 TeV,:;9 T =xpected i

1072 = > G for the bulk 3| =10 _

E . X 10° E +20 -

- RS Kaluza-Kiein 1 = B =

- - O — Vis . A
s _ (KK()jgr?yuton g i my > 900 GeV mis > 1200 GeV

= {L—— Bulk RS Graviton (kM, =1.0)  —*— Obs 95% CL limit prodauction. O i |

8 e 5 102E =
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T10'E £ N ]

U _ I il

G © i | |

o - —

% 10: | ] ] ] ] | ] ] ] ] | ] ] ] ] I ] ] ] ] | —

1000 1500 2000 2500 3000

300 400 500 600 700 _ 800 _ 900 _ 1000 m, [GeV]

Resonance Mass [GeV]

Louis D'Eramo (NIU) - 14/04/2021 -Search for di-Higgs production at the ATLAS experiment



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163

HH — bbbb



goF: & = 36fb~!  JHEP 01 (2019) 030

O
Strategy VBF: & = 126fb~! JHEP 07 (2020) 108 H A@

On top of the two regimes (Resolved/Boosted), different signals are aimed for:

HH — bbbb

Central
> At least 4 central b-tagged jets.
VBF jets:

> At least 2 forward jets with opposite 7 sign.

Resolved:
> At least 4 central b-tagged jets.

Boosted:

> At least 2 large R jets;

> At least 1 variable radius b-tagged jet in each
large R jet.

Jets

- ATLAS Simulation 1 710 045
3.5— |
B Vs=13TeV, 24.3 fb™ 1

|
o
o
Y
Events / Bin

Lead HC ARM

Angular distance between Given that the

mgg’“ (GeV]

- Resolved Signal Region, 2016 lea /su
jets in each Higgs candidate ~ | o 0035 9 reconstructed masses (mi5, may ) (120 GeV, 110 GeV)
| AR;;| Is compared to the 4 5 o should be similar, the 9*&
bodies invariant mass 1, g 0'025 distance to median of
F 002 the signal expectation
: 0018 is minimised.

0.01

0.005

0

100 200 300 400 500 600 700 800 900 1000 1100
my; [GeV]
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How to look for signal?

goF: & = 36fb~!

VBF: ¥ = 126fb~! JHEP 07 (2020) 108

JHEP 01 (2019) 030

ggF

Resolved: 53200 arLaS ~
Fit: using the HH invariant mass 7 150l Resolved. 2016
Main backgrounds: 160
» 1t : Consistency of jet originating from top quark checked
through specific variable 120
> multi-jets: -
| Anyg| < 1.5, 4-jets mass dependent Higgs p cut; w0

» Dedicated Signal, Validation and Control Regions
based Higgs bosons masses and b-tagging
requirements (2-tag vs 4-tag).

Boosted:

60

60 80 100

120

Fit: due to low b-tagging efficiency in large jets, 3 signal regions are defined:

2-tagged sub-jets. 3-tagged sub-jets.

140 160

180

220

200

®
o
Events / 25 GeV?

160

140

120

100

200

m'gjad [GeV]

4-tagged sub-jets.

> """"""""""""""""""""""" > Er - rrorrrrrrrror e e T 3 > r~r-—~——rrrrrrrrrrrrrrrp oo e T ]
> 10 EA TLAS s Data S = ATLAS s Data 1 ° el ATLAS + Dat N
— = Vs=13TeV, 36.1 fb" ] Multijet = — 10° E_\/‘_13 TeV, 36.1 fb ] Multijet _ (o = Vs=13 TeV, 36.1 fo” ] Multijet 5
— . - Boosted Signal Region, 2-tag O — — = Boosted Signal Region, 3-tag 6 E — - Boosted Signal Region, 4-tag 6 =
e 0 e Scalar (2 TeV) E o 0 e e Scalar (2 TeV) . o - Scalar (2 TeV) s
* F - = Gy (2 TeV kiM,=1) x 30 o 10°= - = G (2 TeV kiM,=1) x 30 5 o 105 , -~ G (2 TeV kiM=1) x 305
T 10° AN Stat+Syst Uncertainties T — N Stat+Syst Uncertainties b = N 7 N\ Stat+Syst Uncertainties -
() - () 1 o N \ A1 ]
I~ 10 ~ i i .
Lﬁ 10 :E Lﬁ Lﬁ 1 = 1 : s \1i,4|.! 0!-| =
1i— : SN, 1 = —:\j&\ s -
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Lo

H

HH — bbt™t

VBF

Similar cuts as for the ggF resolved
analysis.

Events / 40 GeV

Data / Pred.

—
<

O—L

Vs=13TeV, 126 fb" [ Arhad

Signal region

Data 2016-18
Multijet

I Non all-had ft
|:| ggF non-resonant HH
Post-fit uncertainty

Spln -0 narrow resonance (800 GeV)
» VBF non-resonant HH (k,,=3.0)

l\)
T

200 300 400 500 600 700 800 900 1000

m,, [GeV]



https://link.springer.com/article/10.1007/JHEP01(2019)030
https://link.springer.com/article/10.1007/JHEP07(2020)108

goF: & = 36fb~!  JHEP 01 (2019) 030

0O
Res u ItS VBF: & = 126fb~! JHEP 07 (2020) 108 H A@

HH — bbbb

ggF No significant excess found

VBF No significant excess found
Non-resonant Resolved

Non-resonant

Ggng BR(HH — bbbb) observed (e_xpected) limit is - _ver observed (expected) limit
12.9 (14.8) times the SM prediction. CHH is 840 (550) times the SM

T | T T T | T T T T T T | T T T | T T T
ATLAS = Theory prediction

Vs =13 TeV, 126 5’ —— Observed limit (95% CL)
HH— bbbb Expected limit (95% CL)

- Expected* 1o
Expected+ 2¢

LIIILIH

oyeel PP— HHjj) [fb]

Resonant Resolved (260-1400 GeV) Boosted (800-3000 GeV) prediction.
Limits are set on k5,

—0.43 < Ky, < 2.56 (Observed),
—0.55 < Kk, < 2.72 (expected).

Limits set on ¢(X/Gyx — HH — bbbb):
» X Is a narrow-width scalar resonance.
» G for the bulk RS Kaluza-Klein (KK) graviton production.

Small excess at 280 GeV with local (global) significance of 3.6 (2.3) ¢

-HII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| I TTTITH

'Hlll IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|

— Observed limit (95% CL)

Resonant

N -
=
> |
»
D
=
»

— Observed 95% CL limit 7]
s=13 TeV, 27.5-36.1 fb™ Expected 95% CL limit

=10
[ J=2

Bulk RS, k/M,, = 1

—— Observed 95% CL limit s =13 TeV, 126 o' ---- Expected limit (95% CL)

HH— bbbb .Expectediks Limits set on GVBF(X N HH)

Spin-0 narrow resonance
Sxpected:: 20 where X is either a narrow- or
broad-width scalar resonance

—
o
N

—
o
N
—
o
N
I| [ IIIIIII| [ IIIIIII| [T TTITIT [ IIIIIII|

—
o
N
I| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII|

o(pp—Scalar—HH—bbbb) [fb]

—HH—bbbb) [fb]

s=13 TeV, 27.5-36.1 fb™

—i
w

-
w

oygel PP— Xjj— HHjj) [fb]

o(pp—G,

—_
o
—_k
o

Scalar — HH — bbbb

Gy — HH — bbbb
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Fraction of events / 5 GeV

Strategy

Non-resonant and resonant search: & = 139fb~! ATLAS-CONF-2021-016

» Exactly 2 High quality photons

: 35 I ATLAS Simulation Fl’reli_mir|1ary 1 While the m,,, variable is now used for the fit,
0-251 \@=n11;wTeV . ARt 1 the HH invariant mass m,,,, is still useful for
- —" my,=300GeV -
0.2 m, =500 Gev | both the:
| — 3%?‘3:1 1 » Non-resonant search (sensitive to k));
L e —  yyHets 7 » Resonant searches (sensitive to mass of
. F . resonance).
| - 1 Due to experimental resolution effects, this
0.05 - can be corrected, assuming the two sub-
- s 1 systems are originating from Higgs bosons:

500 250 300 350 400

450 500 550 600
Invariant mass [GeV]

¥ = s — M —
m = My, = Myp m,, + 250
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Events / 30 GeV

> Exactly 2 b-jets:

>

Dedicated energy correction from
semileptonic decay effect (muon and
neutrino) — similar to what applied in

VH — bb

103

10°

10

I ' I ' I
ATLAS Preliminary e Data

(s=13TeV,139fb" ~ MEHH (SM) E
o HH—bbyy Single Higgs n
£ - W iyy _
Yy Common Preselection
yybb |
f_._ B yy +other jets
& B DataDriven yj

DataDriven jj
--- m, =300 GeV
--- my, =500 GeV

e
I IIIIIII|

I L1
400 600 800 1000

mbBW* [GeV]

7



http://cdsweb.cern.ch/record/2759683

Non-resonant and resonant search: & = 139fb~! ATLAS-CONF-2021-016

How to look for signal?

Non Resonant 350 GeV

o 007 1S Used 0 Se a0t SO ey s s Py
like events w.r.t di-photon + 2 ook  Ys-13TeV E
: - - ~ - HH—bbyy ggF .
single Higgs. Categoriesare ¢ | T 1 || Resonant: 2 separate BDTs are used to separate
q) B )\'_ N ] [ ]
created from m:l—w- 3 0150 — . =0 I | S resonant signals from di-photon and
> H' h f d SM % 0 1: E _K)\=1 : 489 . ;gZﬁgfevl?zig:E|1nary ¢ Data 500 G V_: Single Higgs:
igh mass, focussed on g o i K, =2 | Py e — My =500 GeV. .
> v = 1 0aE HH used as I = D — =10 ™ _YgzﬂgﬁeHHiggS : > All regonances are combined and
A= 199 0.05- rl_. : LL"'—::‘—'—._,__ =N | B reweighted to show same ml;% as
signal; : _I_"'—-—._ T ol ek ] vy
—I—IT.I ||||I |||||||||||||||| TI'I_I_# 5 : aC roun ;
> Low mass, focussed on BSM 250 300 350 400 450 500 550 600 650 700 750 || ol J S
_ GeV > BDT scores combined:
» k; = 10 ggF HH used as M5,y [GeV] 02

signal.
In each mass category, two regions are created:

o
—

BDT 7 + 1 , (BDTSingleH + 1)2
+
2

BDTio = >

Fatl

C, =1 - C, =0.65 to maximise significance

C | .
o0 01 02 03 04 05 06 0.7 08 09 1
BDT Score

/Tight BDT cut

g :l T T 1 | T T 11 | T T T 1 | T T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 7T | T T |: g :I T T | T T TT1 | T T TT1 | T T TT1 | T T TT1 | T T TT1 | T T TT1 | T T TT1 | T T TT1 | T TT |:
S - 1 o - _ = © O
2 o035 ATLAS Preliminar HH ggF, «,=1 4 < 07 ATLAS Preliminary HH ggF, «,=1 . 8. F AL E
2"F Vs=13TeV, 139 e HHgoF. =10 4 £ [ Vs=13TeV, 139 b HHggF, =10 3 | S° VéTﬁg\fngggffgunaw \ Dot : » Mass dependent cut on BDT score
S oAl . -4 @ 0.6 High mass region : - £ 3 Te — m, = 300 GeV] -
B i - — Single H J: 8 Single H Efl | [P 0 el > 22 mass categories created.
s - 02 : E yy+jets 1 © g5t o% | yy+ets ] 5 L Single Higgs ]
CS 0.25:— 015 } Data B é o } Data ] é 04: — SM HH
o :_ 0.1 ) _: 8 0.4:— 0012E —: ngi F .
i = | 3 L F o | N E : : Cut is set on the m®* mass for each
. 15:_ 0.05 , _: 0_3;_* oos—.H L,_rLﬂ_l—l_ _: 0.3 . bb}/y
B O 05 ¥ T P 08 084 088 092 096 1 ; . B ; i .
- E R N : resonant search:
01dTLrIiL'> I - rC i ] 0.2: ]
00sf T i 0.1 CI:—I o : [mean — 2 X RMS; mean + 2 X RMS]*
N %ML; B - o - ]
:LH_LE-FFFH-F#—H i e e S A RO AR B AR R R R IR R AR B NN AN ’ H
001 02 03 04 05 06 07 08 09 1 0 oL

| | } :
0 01 02 03 04 05 06 07 08 09

BDT Score BDT Score BDT Score

* extended to 4 x RMS for my, > 900 GeV
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Modelling

Non-resonant and resonant search: & = 139fb~! ATLAS-CONF-2021-016

.....

*._ Side band

Side band
> —
m
vy
rrr.rr | r 1 1. 1 1 1. 1 [ 1 T T T [ T T T 1
¢ Data ATLAS Preliminary ]

's=13TeV, 139 fb™" ]
................. Continuum Background HH%bbYY

Total Background High mass BDT loose

Events/ 2.5 GeV

N H OO 0 ©O N B~ O

‘I]III]III|III|III|III|I_I

I

L —
)
_1'1 ol b b boa b b

_III|III
@

| | | | | | | | | | 1 | | | | I | | |
110 150 160
m,, [GeV]

used to model the background: HH — bi?}/}/
> Fitted to background template normalised to data sideband;

» Bias from the function choice estimated through "

» Signal event yield extracted from a S+B fit to the background- onIy distribution;
» Functions minimising the number of parameters and spurious signal is retained :

> retained for all categories.

HH signal

» Single Higgs and HI-
» Extracted in eac

processes can be modelled with double-sided Crystal Ball function.
N category;

I I I I I I I ! ! | I I I 7~ I I I I I I ! | I I | | I I I

2]
_ 1. 10°E 5 _
» ggF and VBF HH are merged (using «x; = 1),:; E  Goussion Dictibuter ATLAS -
> Same shape applied to single Higgs. & B - X =y -
£ I |
. . < 102 OOy =
» Yields determined from ¢ X BR and eff. X acc . s -
Theory Simulation - Sower Law ]
B ~(m )_nHigh B
10k Power Law rr =
Category 068 [GEV] = N(_mw)'”ww =
- A .
High mass BDT tight 1.46 +0.01 i ” |
High mass BDT loose 1.61 +£0.02 . | | | | |
Low mass BDT tight 1.72 £ 0.06 520 540 560 580 600 620 640 660 680
Low mass BDT loose 1.81 +£0.03 m,, [GeV]
Yy
Resonant my = 300 GeV 1.96 + 0.02 p
Resonant my = 500 GeV 1.60 + 0.01 (
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Non-resonant and resonant search: & = 139fb~! ATLAS-CONF-2021-016

Results

Non Resonant

No significant excess found

88F+VBF observed (expected) limit is
HH 4.1 (5.5) times the SM prediction.

» Improved by factor 4 from & = 36 b~ !
» Best result from single channel observed to date;
» Statistically dominated.

» Limits are seton k;: —1.5 <k, < 6.7 observed
—2.4 <k, < 7.7 expected.

Resonant: No significant excess found

Limits set on 6(X — HH) where X is a narrow-width scalar
resonance:

1000

'5' |: | L | L 1T 1T 1 | L | L | | L | | | | L 1 |:
r— 1 05 - L L L L L UL L SN SO R L b : . L _:
fo : o : —~ 900 ATLAS Preliminar =
o=, ATLAS Preliminary —— Observed limit (95% CL) : % - /s = 13 TeV. 139 fb'1y -
T — 13 TeV. 139 fb_1 ---- Expected limit (95% CL) - 800 — ’ —
L [ F\{El_ bb Vs [ Expected limit +1c ' >/|\< = HH—bbyy =
L 104t — oYY [ Expected limit +2c ; ko) 7001 —e— Observed limit (95% CL) =
% 5 E=S Theory prediction ] 600 } ----- Expected limit (95% CL) =
S 3¢ SM prediction OOE Expected limit = 10 =
5 0 = Expected limit + 2 o -
: 4001 I} —
e s ; 300F i =
: 200 =
- Observed: k) € [-1.5,6.7] = -
! Expected: k) € [-2.4,7.7] 100 E_ _E
[ I_l 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 1 | I I | | 1 1 1 1 | 1 1 1 | I 1 1 1 1 | I 1 I

101 - 0200 300 400 500 o600 700 800 900 1000

)10 -8 —6 -4 2 0 2 4 6 8 10
m, [GeV]
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HH — bbbb

HH — W*W—+ XX HH — bbZZ



C O n C I u S i O n Combinaison: & = 36fb™! Phys. Lett. B 800 (2020) 135103

::‘
Combination done with most of the analyses with & = 36fb~! &
CATLAS  —e—oOmseved
~ 5=13TeV, 275-36.1f0" 1T Eig:gzg .« | Additional results with & = 139fb™":
- Ogr (PP > HH) = 33510 Expected=26 4 pblyly final state (not presented today): Phys. Lett. B 801 (2020) 135145

. WRhE 129 21 18
HH—> bbbb observed (expected) limit is 4.1 (5.5) times the SM prediction.

HH— bbyy 203 26 26 b Single results outperforms the combination.

B Obs. Exp. Exp.stat. observed (expected) limit is 14 (29) times the SM prediction.
HH— bB’E+’C- 12.5 15 12 oy .
. - bbyy final state

HH—- W'WW'W New Full 160 120 77
| -2 limi - First look at VBF:
HH— W"W Run-2 limits 230 170 160 Irst look a
B 7 VBF C L . o
HH BEWW | 305 305 540 o,y observed (expected) limit is 840 (550) times the SM prediction.
| I L L L L L L LR LE, . - Still very limited
Combined 6.9 10 8.8
I Lol taaal I Lol I L0111
10 10° 10° 10* 10°

SM

95% CL upper limiton o_ . (pp — HH) normalised to O
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Conclusion

Combination done with most of the analyses with & = 36fb~! Additional results with & = 139fb~!:

'3' 10:I | | 1 | 1 | 1 | 1 | : 1 | 1 | 1 | 1 | | I: bB}/}/ final State%
Lo u | J [~~~ Exp. 95% CL limits
T B | i Limits are set on the k; coupling modifier to:
T - Y A el o 1 |~ Obs. 95% CL limits —1.5 < k, < 6.7 observed,
! - === - . : i __ -2.4 <k, < 1.7 expected.
Q | — bbbb
= 1= = > Single results outperforms the combination.
L —
S n 4 |~ bbrt't —
o - i First look at VBF: bbbb final state
- 1 |~ bbyy Limits are set on the k,, coupling modifier to:
- Allowed x, interval 1 -0.43 < k,;, < 2.56 observed
t 95% CL — Comb - |
1012 o — —0.55 < 1,y < 2.72 expected.
- Obs. Exp. - - Comb. +15 (exp.) ) - I I A A =
- (Exp stat.) A TLAS } — 5 - ATLAS === Theory prediction =
L 10°¢ _ 1 —_ rved limit (95% =
~-5.0-12.0 | -5.8-12.0 (s=13 TeV ) Comb. =20 (exp.) = h s=13Tev, 12667 (E):Seect:;jl'imi:((j:o// ELL)) -
- (5.3 -11.5) | 275-36.1fb" o gl PP p -
) I I I I | | | I — Theory prediction = - [ Expected: o -
1025095 210 55 08" 10 15 20 S ok PpeceazE
New Full K, L .
Run-2 limits
10g E
- . 7
e | I A | L1, 3 (
4 -2 0 2 4 6
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Conclusion

E

Combination done with most of the analyses with & = 36fb~!

ATLAS
Vs =13 TeV, 27.5-36.1 fb™

104

spin-0

o(pp — S — HH) [pb]

n
-----

4

~ Exp.95% CL __ Obs. 95% CL

limits limits
— WWWW  — WWyy
- bbW*'W = bbbb
= bbt*t = bbyy
—e— Comb. (0bs.) . ?e())(r;? =10
g?(r;_t;' *20 __ Bulk RS

2%10° 3x1
mg [GeV]

3x10? 10°
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Additional results with & = 139fb~!:

bbyy final state %

observed (expected) limit is 610 fb (251
GeV) to 47 b (1000 GeV) (360-43 fb)

b Single results outperforms the combination in
most of the mass range

observed (expected) limit is 816 fb (1000
GeV) to 27 b (2500 GeV) (624-31 fb)

First look at Resonant VBF: bbbb final state

e ATLAS — Observed limit (95% CL)
\s=13TeV,126fo" ... Expected limit (95% CL)
HH— bbbb

_ . Expected + 1o
Spin-0 narrow resonance

Expected + 2¢

—
o
w

—
o
N

Oyl PP— Xji— HHjj) [fb]
Q
| I |||||||| I |||||||| I |||||||| I |||||||| [ T

—_i
o

N
O FF 17111
o_

II|IIII|IIII|IIII|IIII|IIII|III
300 400 500 600 700 800

| | 11 1 1 | 1 1
900 1000
m, [GeV]







@ HH: Higgs potential modification

Phys. Rev. D 101, 075023 _Jlglet*e
NIU

pseudo Nambu-Goldstone boson emerging from strong
dynamics at a high scale

Coleman-Weinberg Higgsi EWSB s triggered by renormalization group (RG) running effects
Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

minimal composite Higgs model/composite twin Higgs model :

-1
different coupling to top quark 100 TeV, 30 ab

HL-LHC
S s} 1LC500
SMEFT with 0, E J FCChh

(13=2

1907.02078
Courtesy of Elisabeth Petit Models


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023

Single Higgs constrains

ATL-PHYS-PUB-2019-009

Combinaison of single
Higgs channels with

< = 80fb~! yielding:
-32<K <119

20

t
9 r60000+—»
\_H
\\\
tA Yyt e-- H
//
9 \RQQQQ/
q - - q
H
v{ Tize---- H
H
q - - q
H
/,—-\\
\
\
$------ H
/
N\ //

H
10:IIII|IIII|IIII|IIII|IIII|IIIIIIIIIIII:
9: ATLAS Preliminary .

- {s=13TeV, 36.1-79.8 fb" .
8 Asimov dataset (x,=1) —

- my=125.09 GeV ]
Vdmy .

- —ggF — VH .
6 —VBF — ttH =
5 -

oF g
NN\
bl 1 T
20 15 -10 -5 0 5 10 15 20

Ky,

E‘ 1 03 EI [ | T T I I'T T | T 17T : L T T T T T T T IE
o - _ . _
o I OggF Ozm -
. - “Ower O )
= Owy  ~Opy E
— T i
- D E
1 >< E 5 -
10—2 | I I | | | | I L1 1 1 | L1 1 1 I : L1 1 | L1 11 | | I I | | L1 1 1
-20 -15 -10 -5 0 3 10 15 20
LY
2 10:| T T | T 10 | T T | T T | T T | T T T 1T | L |:
~ 9:_ ATLAS Preliminary E
i - (s=13TeV, 36.1-79.81b" .
' 8 Asimov dataset (x,=1) —
- m, =125.09 GeV .
7_ |
- —H-yy — H-Ww* H—tt -
6 —H-ZZ* —H-bb =
5 -
4f_ ........................................................................................................................................ _f 20
3=
2
A NN
O:I L1 | | L1 1 1 | (| ; L 1L
-20 -15 -10 -5 0 )

Louis D'Eramo (NIU) - 14/04/2021 -Search for di-Higgs production at the ATLAS experiment

1 .2:| T | T T | ' T T | T T | ' T T | T T | ' T T T |:
- SM SM .
115 —BR, /BR,;” —BR:/BRy -
- SM SM i
- —BR,,./BR,.. BRbB/ BRbB -
1 —BRyy. / BROM. :
105 =
A o -
0.955 -
0.9 -
0.851 =
O 8:I L1 1 | I | | | | | | I | | | | | | I | | | | | |11 I:
20 -15 -10 -5 0 5 10 15 20
LON
1 .5_| T | T 1T | T T | T T | T T | T T T T T T1 I_
- ATLAS Preliminary .
1.4~ {s=13TeV, 36.1-79.8 b’ ~
- my=125.09 GeV, kx,, = 1 i
1.3 : Y —
1.2 T -
110 N
1 ‘. o
0.9 * SM =
- 4 Best Fit \\ L -
0.8 —68%CL TTeaaaeeT ’ ]
E ---95% CL E
0.7_I L1 1 | I | | | | | | I | | | | | | I | | | | | |11 I_
-20 -15 -10 -5 0 5 10 15 20
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/

- - % = 36fb~! Phys. Rev.Lott. 121, o
Object selection et e Hm

» Resolved: based on the tau decay chain:

HH — bbt™t~
UlepThad Thad®had

Single lepton +
Single lepton hadronic tau +
additional jet

(Single hadronic tau) ||
(di-tau + additional jet)

» Boosted: Single large radius jet Resolved:

Exactly 2 b-jets with 70% working point:
» Leading jet p, > 45 (80) GeV

» Sub-leading jet p;, > 20 GeV
Boosted:

» =1 large R jet with p’8*/* > 300 GeV

» 2 variable radius b-tagged jets

Resolved:

> TiepThad: €Xactly 1 lepton + 1 hadronic 7 of
opposite charge

> T.4Thags €Xactly two hadronic s with
opposite charge

+ reconstructed mass m ¢ > 60 GeV

Boosted:
Novel BDT reconstruction and identification

of di-z in large R jets:

> p "8I > 300 GeV

» < 3 sub-jets, sum of track charge =1 in
each sub-7

T tracks

iso-track

.
L4
b
L4
.
P
R
v
v
.
e
s
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163

Bbtautau Boosted A

H

Boosted di-tau BDT identification:
1.6

> [ | L | I | L | L | | I | L | L | | I B | | J Varlable Deﬁnltlon
O B : :
- ~ ATLAS Simulation e Boosted di- ]
O 14 00sSte T EN - JEY and E, N2 EY Ratios of the energy deposited in the core to that in the full cone, for
-— — —] Exr<o.1/EAR<02 R<0.1"~AR<0.2 ’
:..cﬁ) ' - X —HH— bbThﬂch = Resolvedt 7 the sub-jets sj; and sj, respectively
HG_) 12 - ‘/g =13 TeV my = 2 TeV 7 2 T/ pLRJ and (pT + pTz)/ pLRJ Ratio of the p of sj; to the di-7 seeding large-radius jet pr and ratio
- <L p ( v|s) > 10 GeV, p (dl _Tws) <> 300 GeV — of the scalar pr sum of the two leading sub-jets to the di-7 seeding
O B T B large-radius jet pr, respectively
e — —]
g 1 B ] log(3>: p‘so -tracks / prRJ ) Logarithm of the ratio of the scalar pt sum of the iso-tracks to the di-7
= — B = g — seeding large-radius jet pr
— . —
g 0.8— 0®%%%0ee,§ , . N — ARmax (track, sj;) and ARpax (track, sj,)  Largest separation of a track from its associated sub-jet axis, for the
8 B L ° ® B sub-jets sj; and sj;, respectively
o 0.6 [ B ° ] Z[ptraCkAR(track sj>)1/ 2. ptraCk pr-weighted AR of the tracks matched to sj, with respect to its axis
P B ¢ | > [pISO rack A R (iso-track, sj)]/ 3 pISO “track . _weighted sum of AR between iso-tracks and the nearest sub-jet axis
5 0.4 [ ] og(m EQC <Sb Si“) and log(m gjgﬁ).sfz) Logarithms of the invariant mass of the tracks in the core of sj; and
N - Sj», respectively
B B ks, Sj tracks, sj . . . .
— - log(mtrac 1) and log(m -2y Logarithms of the invariant mass of the tracks with AR < 0.2 from
- - _ AR<0.2 AR<0.2
0.2 - ¢ _ the axis of sj; and sj;, respectively
OI: e ¢ T T T e :[ log(ld(siiead_trackl) and log(ld0 leadotrack ) Logarithms of theci:lcl)lselst déstance illi t}}e transzerse plane betwleen the
alria e P primary vertex and the leading track ot sj; and sj,, respectively
01 02 03 04 05 06 0.7 0.8 0.9 i subjets . . |
n and n Number of tracks matched to sj; and to all sub-jets, respectively
tracks tracks
Generator-level AR(t )
1 ,Vis’ 2 VIS
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Bbtautau Resolved A

H

BDT input variables:

TiepThad Channel TiepThad Channel
Variable (SLT resonant) (SLT nonresonant & LTT) ThadThag Channel
Myy v/ v v Impact of systematics on SM limit:
MMC v/ v/ v/
My, / / /
AR(z,7) v v v Source Uncertainty (%)
AR(b, b) v/ v/ v/
Emiss v Total +54
E™sS ¢ centrality v 4 Data statistics T
my v v |;imulati0n statistics +16
ﬁﬁ%&;{ )Thad_Vis) ; Experimental uncertainties
Subleading b-jet py / Luminosity +2.4
Pileup reweighting +1.7
IThad :|:16|
Fake-t estimation +8.4
Non resonant limits per channel: b tagging +8.3
Jets and ESS +3.3
Electron and muon +0.5
Observed —lo Bxpected tlo Theoretical and modeling uncertainties
_- o(HH — bbrtr) [fb] 57 49.9 69 96 [Top +17]
ep “had 6/03m 23.5 20.5 28.4 39.5 Signal 103
o(HH — bbtt) [fb 40.0 30.6 42.4 59
Thad Thad 05051\4 o 16.4 12.5 17.4 242 gl\;) I;.T ig'g
Combination o(HH — bbrr) [fb] 30.9 26.0 36.1 50 1885 -
6/Gsm 12.7 10.7 14.8 20.6 Other backgrounds +0.3
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BDIs

Lo

Non Resonant

Variable Definition

H

Resonant HH — bbyy

Photon-related kinematic variables

Variable Definition

) Transverse momentum of the two photons scaled by their
prifityy invariant mass 71,
Pseudo-rapidity and azimuthal angle of the leading and

sub-leading photon

Photon-related kinematic variables

p%y, yvY Transverse momentum and rapidity of the di-photon system

Azimuthal angular distance and AR between the two

A¢,, and AR, photons

Jet-related kinematic variables

Jet-related kinematic variables

b-tag status Highest fixed b-tag working point that the jet passes

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudo-rapidity and azimuthal
angle of b-tagged jets system

Invariant mass built with the two jets with the highest

pt,n and ¢

P’ Mpp and @

"bb b-tagging score
Ht Scalar sum of the pt of the jets in the event
Single topness For the definition, see Eq. (1)

Invariant mass, transverse momentum and rapidity of the

_ bb _
My, Py and ypp b-tagged jets system

Azimuthal angular distance and AR between the two

Adpp and AR, b-tagged jets

Niets and Np_jers Number of jets and number of b-tagged jets

Ht Scalar sum of the pt of the jets in the event

Photons and jets-related kinematic variables

Missing transverse momentum-related variables

Efrniss and @™ Missing transverse momentum and its azimuthal angle

) Invariant mass built with the di-photon and b-tagged jets
Mobyy system
Distance in rapidity, azimuthal angle and AR between the

AVyybb> Abyypp AN AR, di-photon and the b-tagged jets system

7

(
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Post-fit plots

Lo

H

Non Resonant

BDT loose BDT tight

b e e S L > [T T T T T T T [T T T
® r 4 Dpata ATLAS Preliminary ® 10 ¢ Dpata ATLAS Preliminary _|
o5 o a8 =13 TeV, 139 fb ot o g (S=13TeV, 139 b7 -
C\i - ontinuum backgroun HH%bbYY . (\] i ontinuum backgroun HH%bbYY | |
~ 20 Total Background Low mass BDT loose ] ~ 8 Total Background Low mass BDT tight
0w r . 0wt -
A 1 £ :
Q 155 - o 6r -
w L . § w i
Low mass : - I -
10[1 = T .
- - o4 _
5: + || % :\’\‘w l \ i
:I 1 | 1 1 1 1 |ll 1 1 1 | 1 1 1 1 |+I 1 1 1 | I+I I+I: _I 1 | 1 1 1 1 | 1 1 1 I II 1 | 1 1 1 [ 1 1 | I_

110 120 130 140 150 160 110 120 140 150 160
m,., [GeV] m,., [GeV]
3 T B L L ) I AL L - e e A A L
O 16 }  Data ATLAS Preliminary — © 8l 4 pata ATLAS Preliminary _|
o 14 | s=13TeV, 139 fb™ - ot | s=13TeV, 139 fb" -
N n Continuum Background H!—I%bbyy - o - Continuum Background H_H%bbyy | -
~ 12 Total Background High mass BDT loose_- -~ gL Total Background High mass BDT tight _
(7)) L - (72] | _
. 5 105 1 £ I _
Highmass & 4 - D 4 -
6 —~ 4| g ! ]
4; ® ® ® — - ® ® —
E /\ ,,,,, l E 2—\\\\ n N
2__ ‘ li - @ ® & & | @ ® o o -
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Resonant

HH — bb
Mx = 300 GeV Y
% 14__ I | I I I I | I I I I I I I I | I I I I | I I I I__
O ¢ Data ATLAS Preliminary
g 12 Continuum Background s = 13 TeV, 139 ol —
~ L HH—>bbyy ]
» 10 Total Background 300 GeV Resonance —
§ - .
m 8 i
6/ -
N ¢ ]
41 t t =
:I | | | | | | | | | | | | | | | | | | I I .

—_
—
o
—
N
o
—
W
o
—_
AN
o
—
O1—
o

160

m,., [GeV]
Mx = 500 GeV

> 7:!— I | I I I I | I I I I | I I I I | I I I I | I I I —_
o [ . -
O F ¢ Data ATLAS Preliminary -
2 6:_ """""""" Continuum Background Is = 13_TeV, 139 fb! B
- HH—bbyy -
w b Total Background 500 GeV Resonance —
N .
M 4 E
30 E
2r4 ! =
1; ® ® ® ¢ o —f
: | | | | | | | | | | ““I. | | | | | | | | | | | | | | | E

110 120 130 140 150 160
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Yields and systematics

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 49+1.1 95+1.5 3.7+1.0 249+2.5
Single Higgs boson background 0.670 + 0.032 1.57 +0.04 0.220 = 0.016 1.39 +£ 0.04
ggF 0.261 + 0.028 0.44 + 0.04 0.063 £0.014 0.274 + 0.030
ttH 0.1929 + 0.0045 0.491 £ 0.007 0.1074 £ 0.0033 0.742 £ 0.009
ZH 0.142 £ 0.005 0.486 + 0.010 0.04019 £ 0.0027 0.269 + 0.007
Rest 0.074 £ 0.012 0.155 +0.020 0.008 £+ 0.006 0.109 £ 0.016

SM H H signal 0.8753 +£0.0032 0.3680 + 0.0020 (49.4+0.7) - 1073

(78.7+0.9) - 1073

ggF 0.8626 + 0.0032 0.3518 £0.0020  (46.1+0.7)-1073 (71.8 +£0.9) - 1073
VBF 0.01266 + 0.00016 0.01618 + 0.00018  (3.22+0.08) - 1073 (6.923 £0.011) - 1073
Alternative HH (k) = 10) signal 6.36 + 0.05 3.691 +0.038 4.65 + 0.04 8.64 + 0.06
Data 2 17 5 14
mx = 300 GeV my = 500 GeV Relative impact of the systematic uncertainties in %
Continuum background 56404 35490 Source Type Non-resonant analysis Resonant analysis
. . HH myx = 300 GeV
Single Higgs boson background 0.339 £ 0.009 0.398 £ 0.010 :
SM H H background (20.6 £ 0.5) - 1073 0.1932 + 0.0015 Experimental
, Photon energy scale Norm. + Shape 5.2 2.7
X — HH signal 5.771 £0.031 2.950 £ 0.026 Photon energy resolution Norm. + Shape 1.8 1.6
Data 6 4 Flavor tagging Normalization 0.5 < 0.5
Theoretical
Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 < 0.5
PDF+a Normalization 0.7 < 0.5
Spurious signal Normalization 5.5 5.4
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bbluly final state : & = 139fb~! Phys. Lett. B 801 (2020) 135145
bbluqg final state : & = 36fb~! JHEP 04 (2019) 092

S e I eCt I O n yyW W# final state : £ = 36fb~! Eur. Phys. J. C 78 (2018) 1007
WW*WW* final state : & = 36fb~! JHEP 05 (2019) 124

HH —» W W™ + XX

LgEN

bblvqg final state

Single lepton triggers —
Jie TEpon 199 bblyly final state  Resolved

Event selection:

H — bb:

» Resolved: exactly 2 b-tagged jets @ 85%

» Boosted: One large R jet with AR(jet,l) > 1.0 and mass (90, 140) GeV,

with 2 VR b-tagged jets @ 85%

Single lepton supplemented with di-lepton triggers

Event selection:
» H — bb:
» Exactly 2 b-tagged jets @ 70 %.

. .
Resolved: > my; in (110,140) GeV

> > 1 high quality lepton.
» > 2 additional jets, pair chosen with minimising AR(jet, jet)
» Kinematic fit to find the neutrino momentum assuming m;; = 125

GeV
» Boosted: same as in resolved.
Signal regions:
» Resolved: cuts applied on kinematic and geometrical variables to define
1 non-resonant category + 1 resonant category/mass point

» Boosted: E** > 50 GeV

> .
> Exactly 2 opposite charge high quality leptons.
> Due to spin-correlation, m;; in (20, 60) GeV.

» Categories: based on flavour.

» Deep neural Network:
> To remove dominant backgrounds

» Trained on I—{H — bbWW* but_output sensitive
to HH — bbZ/* and HH — bbrtzt

Fit: single bin in different categories

Fit: myy in different categories
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bblvly final state : & = 139fb~! Phys. Lett. B 801 (2020) 135145
bbluqg final state : & = 36fb~! JHEP 04 (2019) 092

I ‘ eS u ItS yyWW* final state : & = 36fb~! Eur. Phys. J. C 78 (2018) 1007

WW*WW* final state : & = 36fb~! JHEP 05 (2019) 124
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bblvqg final state

Non-resonant Resolved

ger  OPserved (expected) limit s bbluly final state Resolved
Opg 300 (190) times the SM prediction.

Resonant: Resolved Boosted Non-resonant

GggF observed (expected) limit is
HH 14 (29) times the SM prediction.
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